Abstract. In the paper, we present the result of an experimental study of north-south asymmetry of ultralowfrequency electromagnetic oscillations IPCL. This study is based on observations made at Mirny Observatory (Antarctica). IPCLs are excited in the dayside sector of the auroral oval in the range 3-10 min periods and represent one of the most powerful types of oscillations of Earth's magnetosphere. These oscillations were discovered in the 1970s during IPhE AS USSR polar expeditions organized by Prof. V.A. Troitskaya. We have shown that IPCL activity in Mirny depends on the inclination (north-south asymmetry) of interplanetary magnetic field (IMF) lines to the plane of the geomagnetic equator before the front of the magnetosphere. The result suggests a controlling exposure of IMF on the magnetospheric oscillations and gives rise to the hypothesis that IPCL are forced oscillations of a nonlinear dynamical system whose major structural elements are dayside polar cusps. The paper is dedicated to the memory of Professor V. A. Troitskaya (1917A. Troitskaya ( -2010.
INTRODUCTION
Systematics of geomagnetic pulsations was developed in the early 1960s [Troitskaya, 1964] . It is still successfully used for describing ultralow-frequency (ULF) electromagnetic oscillations of Earth's magnetosphere (see, for example, overviews [Troitskaya, Guglielmi, 1967; Troitskaya, Guglielmi, 1969; Guglielmi, Troitskaya, 1978; Guglielmi, 1989; 2007] , and monographs [Jacobs, 1970; Guglielmi, Troitskaya, 1973; Nishida, 1978; Guglielmi, 1979; Guglielmi, Pokhotelov, 1996] ). The classification is based on the morphological principle, and a binomial nomenclature was introduced. Pulsations of all types are divided into two classes: Pc (pulsations continuous) and Pi (pulsations irregular). A distinctive feature of the class is the oscillogram shape. The type is symbolized as Pc N (N=1-5) or Pi N (N=1-2), where the number N is the subrange number of the general range of ultra-low frequencies. The Pc class was originally allocated a range of periods from 0.2 to 600 s; and the class Pi, from 1 to 150 s. Soon, however, it became clear that the Pi range should be expanded, and, accordingly, the Pi3 type should be added to denote irregular oscillations in the range 150-600 s. In this paper, we deal with magnetospheric pulsations of this very type.
Observations show that according to morphological characteristics ULF oscillations are clearly subdivided into numerous types or, more accurately, subcategories. We focus on the subcategory Pi3 that in literature is often abbreviated to IPCL (irregular pulsations continuous long). This abbreviation indicates that pulsations of this subcategory, while being irregular, are continuous. In these cases, after a number denoting a subrange number, the letter C is put for greater clarity. For example, the Pi1 subcategory having a non-system name auroral agitation is sometimes referred to as Pi1C [Troitskaya, 1961; Kalisher, 1975] . Similarly, we could use the designation Pi3C instead of IPCL. This is an accurate indication to IPCLs within the systematics of ULF oscillations, the principles of which were formulated by prof. V.A. Troitskaya. We, however, retain the abbreviation IPCL, following the tradition established in recent years in geomagnetism.
Let us give some information on the IPCL morphology. For more detail, see [Bolshakova et al., 1974; Troitskaya, Bolshakova, 1977 Troitskaya, 1985; Klain et al., 2008] . Figure 1 presents an oscillogram of oscillations recorded at Mirny Observatory (corrected geomagnetic coordinates Φ=-76.93°, Λ=122.92°). The oscillation spectrum is wide; characteristic periods are 3-10 min. The amplitude of oscillations is variable with typical values from 5 to 10 nT and sometimes reaches many tens of nT. Seasonal activity of IPCL is characterized by a summer maximum. On average, the amplitude increases with solar wind velocity. The oscillations usually occur at low and moderate geomagnetic activity (K p =0-3).
The most constant distinctive feature of IPCL is that, as already mentioned, the pulsations are observed in the dayside auroral oval. This very property gave us the idea of formulating a hypothesis on possible mechanism of IPCL excitation and suggested testing the hypothesis by searching for the north-south asymmetry of the oscillations. The matter seems to be as follows. If there exists a north-south asymmetry that depends on the orientation of the interplanetary magnetic field (IMF) lines, then this new, previously unknown property of IPCL argues for our hypothesis on the excitation mechanism. In Section 1, we put forward an original hypothesis on IPCL excitation. In Section 2, we propose a method for testing the hypothesis. In Section 3, we make a critical check. Alternative excitation mechanisms are discussed in Section 4; in Conclusion, we summarize our IPCL study.
IPCL EXCITATION SCENARIO
There are two structural elements at the dayside magnetopause. They are located in high latitudes approximately symmetrically to the plane of the geomagnetic equator. These elements are called cusps [Yamauchi et al., 1996] . Through the cusps, hot solar wind plasma penetrates deep into the magnetosphere. We are interested, however, in ULF oscillations, not in plasma flows. In this regard, we call attention to two properties of the cusps, which are extremely important from the viewpoint of IPCL physics. The former property is that a cusp is projected by geomagnetic field lines onto the zone of the most frequent occurrence and maximum amplitude of IPCL.
The latter property is less obvious. A cusp seems to be a specific attractor for surface MHD waves excited at the magnetopause as a result of the Kelvin-Helmholtz instability. In other words, a cusp is most likely to have focusing properties. This is indicated by the following qualitative reasoning. In the cusp, the magnetic field B is reduced and plasma density r is increased. Thus, there is a minimum Alfvén velocity in the cusp:
According to the ray path theory of MHD waves, rays in inhomogeneous magnetoactive plasma bend toward a decrease in с A [Guglielmi, 1985] . These general considerations do not, of course, solve the problem of surface wave propagation near the cusp at a proper physical-mathematical level, but make our assumption of the cusps' focusing properties quite plausible. Here, we need to make one clarification. When the magnetosphere is crossed by the plane of the noon meridian, the magnetopause represents a curved line convex toward the Sun, and the two cusps look like earthward edges. In a three-dimensional space, the cusp resembles a cleft oriented in the west-east direction rather than a funnel as one might think taking the common interpretation of the term. Therefore, if we consider the focusing properties of the cusp, we must draw an analogy not with a spherical lens, but with a cylindrical lens. So, it stands to reason that the energy of surface waves flows into the cusp. But the cusp is projected onto Earth's surface just where IPCL occur. It is quite natural to assume that cusp pulsations excite Alfvén waves which transfer oscillation energy along geomagnetic field lines to Earth's surface. When moving from the cusp to its projection on the ionosphere, the oscillation amplitude increases.
The ray path theory holds that the amplitude of magnetic field oscillations is proportional to ρ 1/4 [Lundin, Guglielmi, 2006] . This gives us an approximate estimate of an increase in amplitude by an order of magnitude when passing from the cusp to Earth.
An interesting picture is emerging. There is a dynamical system whose elements are cusp and geomagnetic field lines projecting the cusp onto Earth's surface. We observe oscillations of the system in the form of IPCL. As in many other similar cases, a key question arises: what do we observe -self-oscillations or forced oscillations of the dynamic system? The question cannot be solved from a priori considerations since our system is not autonomous. We need to design a decisive experiment that would clarify the situation. However, the above question may appear to have no unambiguous answer, therefore we simplify our task and look for an answer to the question in a weaker formulation. Namely, let us try to experimentally find out whether the variable driving forces influence the IPCL excitation mode. Figure 2 . Cross-sections of the magnetosphere by the plane of the noon meridian at two IMF orientations 
TEST PROCEDURE
So, we have no reliable information about the IPCL excitation mechanism and cannot perform physical and mathematical modeling of the oscillatory process simulating IPCL because the structure of our dynamic system is known only in the most general terms. The experimentally discovered phenomenon of intermittency in the IPCL excitation mode (Klain et al., 2008) suggests that we are most likely dealing with a strongly nonlinear dissipative oscillatory system. However, composition and operation of the system are in effect unknown to us; therefore it is quite appropriate to use the concept "black box" with output and input [Ashby, 1959] . At the output of our "black box", we observe IPCLs. Let us try somehow to "influence" the input so that to get an idea about the system operation mechanism from the reaction at the output. As the input it is natural to consider the mouth of the cusp.
Here we should recall that there is a significant difference between laboratory experiments of this kind and experiments in the magnetosphere. In a laboratory, an experimenter can voluntarily send some probing pulses to the input and judge on operation of the dynamic system by the reaction at the output; however, with rare exception, it is impossible in the magnetosphere. We have only one thing left: guided by general knowledge of the structure and dynamics of near-Earth space, to expect an external impact on the input of the system for a critical test of a hypothesis by analyzing the phenomena observed at the output of the system. Our idea of testing the hypothesis about IPCLs as forced pulsations is to partially control the effect of external forcing on the mouth of the cusp, using data on IMF orientation.
We have presented the driving forces as surface MHD waves for which the cusp is a cylindrical lens. But the cusp has focusing properties also for volume MHD waves existing permanently before the near-Earth shock front, penetrating into the transition layer, and reaching the magnetopause. We know that the mode of radiation of the magnetopause by volume waves depends on IMF orientation [Guglielmi et al., 2015] . We use this knowledge to find the answer to the question posed at the end of the previous section.
Let us explain the foregoing with the aid of Figure 2 . It schematically shows two projections of the magnetosphere in the plane of the noon meridian at two different orientations of IMF lines. The cusps are located between closed and open geomagnetic field lines. The dashed line represents the near-Earth shock front. Slanting lines are IMF lines. Between the front and the IMF line tangent to the front, there is a so-called foreshocka specific region of near-Earth space in which strong fluctuations of the electromagnetic field are permanently excited in the frequency range from millihertz to several kilohertz. The excitation is caused by beam instability of interplanetary plasma interacting with a shock front [Russell, Hoppe, 1983] . In Figure 2 , the fluctuations are schematically shown in the form of wave packets. The idea of the hypothesis testing method is that the impact on a cusp exerted by fluctuations penetrating through the shock front and reaching the magnetopause can be weakened or strengthened depending on IMF orientation.
Let us introduce a dichotomous variable σ=sign (B x B z ), taking the values σ=-1 for B x B z <0 and σ=+1 for B x B z >0, where B x and B z are IMF components in the coordinate system shown in Figure 2 . We see that the field lines are slanting to the north at σ=+1 and to the south at σ=-1. Hence, the asymmetry of the foreshock position relative to the equatorial plane changes qualitatively as the sign of σ changes. It is obvious that electromagnetic waves excited in the foreshock region generally penetrate into the Northern (Southern) Hemisphere at σ=+1 (σ=-1).
These considerations suggest applying the hypothesis testing procedure: we should experimentally test whether activity of IPCLs, recorded, for example, at an observatory in the Southern Hemisphere, is actually higher at σ=-1 than at σ=+1. In the next Section, we describe the result of the test, using IPCL observations from Mirny Observatory located in the Southern Hemisphere.
NORTH-SOUTH ASYMMETRY OF IPCLs
First we recall the eight-dimensional control parameter space (CPS), which has been introduced in [Guglielmi et al., 2015] for the systematic study of the IMF role in forming the excitation mode of magnetospheric ULF oscillations. The visualization of IPCL data in CPS is an important part of qualitative study of experimental data. We use a visualization method based on the location of points in a space of smaller dimensionality [Davison, 1988] . Selection, processing, and analysis of events have been carried out as follows. By analyzing magnetograms for 1999, we selected events recorded within ± 2 h relative to the local geomagnetic noon, which corresponds to 8 h UT, with the additional restriction that geomagnetic activity indices satisfy the conditions K p <3, Dst>-30 nT, i.e. the magnetosphere is in relatively quiet state. Altogether we have selected 95 events. Each event is associated with hourly averages of the three IMF components listed in the OMNI2 catalog [http://omniweb.gsfc.nasa.gov/ow.html].
In addition, each event was analyzed to determine a dominant period and hourly average oscillation amplitude. To do this, we analyzed dynamic spectra and de- Figure 3 . Distribution of events in the three-dimensional control parameter space formed by IMF components. Radii of bubbles are proportional to the IPCL amplitude termined envelopes of signal amplitudes, using the Hilbert transform. As a result, it turned out that the period average for the sample was 3.5 min, and the amplitude was 6 nT.As shown in Figure 3 , the oscillation amplitude (it is proportional to the bubble radius) is quite variable. Mentally projecting centers of the bubbles on a horizontal plane, we see that in most cases the oscillations are observed when sign(B x B y )<0. This correlates well with the most typical configuration of IMF lines, twisted into the Parker spiral due to the solar rotation [Parker, 1965] . Thus, Figure 3 endures an elementary test for the presence of information content in the threedimensional subspace of CPS. Now consider Figure 4 . It looks like Figure 3 except that instead of B y we use the azimuthal interplanetary electric field component E y ; and instead of B z , the argument B x B z of the function σ introduced in Section 2. We see that IPCLs occur in the Southern Hemisphere more often at σ=-1 than at σ=+1. This qualitatively agrees well with our hypothesis about the existence of the north-south asymmetry of IPCL excitation. There is no doubt that in the Northern Hemisphere IPCLs occur more often at σ=+1 than at σ=-1. (Nevertheless, we plan to verify this statement, using observations of ULF oscillations made at observatories located in Greenland.)
To quantify the reliability of existence of the northsouth asymmetry, we have done a comparative analysis of IPCL amplitude distributions at σ=-1 and σ=+1.
Both the distributions are shown in Figure 5 . Gaussian approximations of the distributions are shown by solid lines. The range, average amplitude, and dispersion are 21 nT, 6.4 nT, and 24.3 nT 2 at σ=-1, and 12 nT, 5.4 nT, and 7.68 nT 2 at σ=+1. According to the Ftest, the difference between two samples is statistically significant at a significance level of 0.05. In other Figure 4 . Distribution of events in the three-dimensional space formed by heterogeneous components of the general space of control parameters Figure 5 . Amplitude distributions of ULF oscillations IPCL words, we can fairly confidently assert that IPCL activity at Mirny increases when electromagnetic noise originating in a foreshock region affects the southern hemisphere of the magnetosphere.
DISCUSSION
In our study, we use the classical scheme of "black box with output and input" [Ashby, 1959] . A weak point in our method is that it does not exclude the hypothetical possibility of existence of a self-excited oscillator related to a cusp, which is affected by external noise, randomly changing the mode of self-oscillations. Although we have no evidence of the self-oscillatory origin of IPCLs yet, we should keep this possibility in mind from the principled point of view. Well-known methods of statistical radiophysics allow us to distinguish forced oscillations from self-oscillations. In the past, they were very successfully used for studying Pi1C [Kalisher, 1975] and Pc4 pulsations [Guglielmi, 1989] . IPCLs should be studied in a similar way. In this case, the method of investigating dynamic systems with the scheme of "black box without input" may prove to be effective [Gudzenko, 1962] .
Let us turn once more to Figure 3 . It served us as a test to check the information content of threedimensional subspaces of the general space of control parameters. The test proved to be satisfactory, although, of course, information on the predominant orientation of IMF lines in the x-y plane during the IPCL observation period is trivial. In view of this, we have indicated above the inequality sign(B x B y )<0 typical of IMF. It is quite understandable that this inequality imposes no restrictions on the sign of B x that depends on in which IMF sector Earth is located -in positive (B x <0) or negative (B x >0). Meanwhile, Figure 3 clearly shows that IPCLs are observed at Mirny mainly at B x <0, i.e., when Earth is in the positive sector, and this is surprising. Logically, we must assume that in the Northern Hemisphere, IPCLs will be largely observed when Earth is in the negative IMF sector. We plan to test this assumption, using observational data on ULF oscillations acquired in Greenland. Apparently, we have unexpectedly discovered another manifestation of the north-south asymmetry of IPCL excitation. Asymmetry of this type is associated not with the orientation of a foreshock relative to the plane of the geomagnetic equator, but with the sign of IMF sector. There arises an interesting problem of interpreting this fact. We do not exclude that the observations suggest a nontrivial mechanism for reconnection of IMF lines with geomagnetic field lines in the vicinity of a cusp.
At the end of this Section, we mention the paper . In it, a successful search has been carried out for the north-south asymmetry of Pc1 pulsations in the ionospheric Alfven-Belyaev resonator. Another attempt was inspired by the work [Buchachenko, 2014] , in which an idea has been put forward of a possible change in magnetoplastic properties of rocks in the focus of a forthcoming earthquake, with alternating electromagnetic field affecting the focus. IMF orientation, as we have seen, controls the redistribution of electromagnetic energy of very powerful ULF oscillations between the Northern and Southern hemispheres. Hence the idea arose of searching for the north-south asymmetry of global seismic activity. Zotov O.D. undertook a pilot analysis of earthquake catalogs, but found no evidence of the change in the north-south asymmetry of seismic activity with changing IMF orientation . But in the course of the study, the author discovered a small but statistically significant increase in seismic activity on the days when Earth crossed boundaries between the IMF sectors. However, this result will be discussed in a separate publication.
CONCLUSION
We have investigated the north-south asymmetry of ULF oscillations of Earth's electromagnetic field as a function of orientation of IMF lines. As the object of the study, we have chosen powerful oscillations of the IPCL type, observed at Mirny Observatory at near-noon hours under quiet geomagnetic conditions. From geometric considerations, we hypothesized that IPCL activity at Mirny depends on inclination of IMF lines with respect to the plane of the geomagnetic equator (north-south asymmetry). We have proposed a testing procedure which implies that the effect on the northern or southern hemispheres of the magnetosphere can be strengthened or weakened depending on IMF orientation. The result of the study confirmed our hypothesis. This makes plausible the assumption that IPCLs are forced oscillations of a nonlinear dynamical system whose most important structural elements are dayside polar cusps.
We wrote this article in memory of our teacherProfessor Valeria Alekseevna Troitskaya to the centenary of her birth. Her outstanding contribution to the study of oscillations of Earth's magnetosphere is widely known. Our study of IPCLs shows that the original methods and approaches of V.A. Troitskaya to the study of oscillations of Earth's electromagnetic field, as well as her fundamental discoveries are relevant to this day. The work was partially carried out with the financial support of Program 15 of the Presidium of the Russian Academy of Sciences and projects of RFBR No. 16-05-00056 and 16-05-00631.
